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(57) ABSTRACT

Tamper-respondent assemblies and fabrication methods are
provided which incorporate enclosure to circuit board pro-
tection. The tamper-respondent assemblies include a circuit
board, and an electronic enclosure mounted to the circuit
board and facilitating enclosing at least one electronic
component within a secure volume. A tamper-respondent
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(2006.01) electronic circuit structure facilitates defining the secure
(2006.01) volume, and the tamper-respondent electronic circuit struc-
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ture includes a tamper-respondent circuit. An adhesive 1s
provided to secure, in part, the electronic enclosure to the
circuit board. The adhesive contacts, at least in part, the
tamper-respondent circuit so that an attempted separation of
the electronic enclosure from the circuit board causes the
adhesive to break the tamper-respondent circuit, facilitating
detection of the separation by a monitor circuit of the
tamper-respondent electronic circuit structure.
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TAMPER-RESPONDENT ASSEMBLIES WITH
ENCLOSURE-TO-BOARD PROTECTION

BACKGROUND

Many activities require secure electronic communica-
tions. To facilitate secure electronic communications, an
encryption/decryption system may be implemented on an
clectronic assembly or printed circuit board assembly that 1s
included in equipment connected to a communications net-
work. Such an electronic assembly 1s an enticing target for
malefactors since 1t may contain codes or keys to decrypt
intercepted messages, or to encode fraudulent messages. To
prevent this, an electronic assembly may be mounted 1n an
enclosure, which 1s then wrapped 1n a security sensor and
encapsulated with polyurethane resin. A security sensor may
be, 1n one or more embodiments, a web or sheet of insulating,
material with circuit elements, such as closely-spaced, con-
ductive lines fabricated on 1t. The circuit elements are
disrupted if the sensor 1s torn, and the tear can be sensed 1n
order to generate an alarm signal. The alarm signal may be
conveyed to a monitor circuit 1n order to reveal an attack on
the integrity of the assembly. The alarm signal may also
trigger an erasure ol encryption/decryption keys stored
within the electronic assembly.

SUMMARY

Provided herein, 1n one or more aspects, 1s a tamper-
respondent assembly which includes: a circuit board; an
electronic enclosure mounted to the circuit board and facili-
tating enclosing at least one electronic component within a
secure volume; a tamper-respondent electronic circuit struc-
ture facilitating defining the secure volume, the tamper-
respondent electronic circuit structure comprising a tamper-
respondent circuit; and an adhesive securing, 1n part, the
electronic enclosure to the circuit board, the adhesive con-
tacting, at least in part, the tamper-respondent circuit of the
tamper-respondent circuit structure, wherein separation of
the electronic enclosure from the circuit board causes the
adhesive to break the tamper-respondent circuit, thereby
facilitating detection of the separation.

In one or more other aspects, a tamper-respondent assem-
bly 1s provided, which includes: a circuit board; at least one
clectronic component associated with the circuit board; an
electronic enclosure mounted to the circuit board and facili-
tating enclosing the at least one electronic component within
a secure volume; a tamper-respondent electronic circuit
structure facilitating defining the secure volume, the tamper-
respondent electronic circuit structure comprising a tamper-
respondent circuit; and an adhesive disposed between the
clectronic enclosure and the circuit board at an inner periph-
ery of the electronic enclosure, the adhesive contacting, at
least 1 part, the tamper-respondent circuit of the tamper-
respondent electronic circuit structure, wherein separation of
the electronic enclosure from the circuit board causes the
adhesive to break the tamper-respondent circuit, thereby
facilitating detection of the separation.

In one or more further aspects, a fabrication method 1s
provided which includes fabricating a tamper-respondent
assembly. The fabricating includes: providing a circuit
board; providing an electronic enclosure to mount to the
circuit board and enclose at least one electronic component
within a secure volume; providing a tamper-respondent
clectronic circuit structure facilitating defining the secure
volume, the tamper-respondent electronic circuit structure
comprising a tamper-respondent circuit; and providing an
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adhesive securing, in part, the electronic enclosure to the
circuit board, the adhesive contacting, at least 1n part, the
tamper-respondent circuit of the tamper-respondent elec-
tronic circuit structure, wherein separation of the electronic
enclosure from the circuit board causes the adhesive to break
the tamper-respondent circuit, thereby facilitating detection
of the separation.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the mvention are described 1n detail herein
and are considered a part of the claimed 1nvention.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more aspects of the present invention are particu-
larly pointed out and distinctly claimed as examples 1n the
claims at the conclusion of the specification. The foregoing
and other objects, features, and advantages of the mnvention
are apparent from the following detailed description taken 1n
conjunction with the accompanying drawings in which:

FIG. 1 1s a partial cut-away of one embodiment of a
tamper-prool electronic package which may incorporate a
tamper-respondent electronic circuit structure, 1n accordance
with one or more aspects of the present invention;

FIG. 2 1s a cross-sectional elevational view of one
embodiment of a prior art, tamper-proof electronic package
comprising an electronic circuit;

FIG. 3 depicts one embodiment of a tamper-respondent
sensor comprising one or more flexible layers and circuit
lines forming at least one tamper-detect network, 1n accor-
dance with one or more aspects of the present invention;

FIG. 4A 1s a cross-sectional elevational view of one
embodiment of a tamper-respondent assembly, or tamper-
prool electronic package, which includes (1n part) a tamper-
respondent sensor embedded within a multilayer circuit
board, 1n accordance with one or more aspects of the present
invention;

FIG. 4B 1s a top plan view of the multilayer circuit board
of FIG. 4A, depicting one embodiment of the secure volume
where defined, 1n part, within the multilayer circuit board, in
accordance with one or more aspects of the present inven-
tion;

FIG. § 1s a partial cross-sectional elevational view of a
tamper-respondent assembly comprising (1n part) a multi-
layer circuit board and embedded tamper-respondent sensor,
in accordance with one or more aspects ol the present
imnvention;

FIG. 6 depicts one embodiment of a process of fabricating,
a multilayer circuit board with an embedded tamper-respon-
dent sensor, in accordance with one or more aspects of the
present invention;

FIG. 7 1s 1sometric view of one embodiment of a tamper-
respondent assembly, or tamper-prooi electronic package,
which includes (in part) a multilayer circuit board with
embedded tamper-respondent sensor, 1 accordance with
one or more aspects of the present invention;

FIG. 8A depicts an underside, perspective view of one
embodiment of a tamper-respondent assembly comprising
an electronic enclosure and multiple tamper-respondent sen-
sors, 1n accordance with one or more aspects of the present
imnvention;

FIG. 8B depicts an exploded view of the tamper-respon-
dent assembly of FIG. 8A, 1n accordance with one or more
aspects of the present mvention;

FIG. 9 1s a plan view of one embodiment of the multilayer

circuit board of FIGS. 4A & 4B, shown with a tamper-
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respondent circuit of a tamper-respondent electronic circuit
structure, in accordance with one or more aspects of the

present mvention;

FIG. 10 1s partial cross-sectional elevational view of one
embodiment of a tamper-respondent assembly, such as
depicted 1n FIGS. 4A & 9, shown with an adhesive securing
the electronic enclosure to the circuit board at an inner
periphery of the enclosure-to-board interface, and covering,
at least 1n part, the tamper-respondent circuit, 1n accordance
with one or more aspects of the present invention;

FIG. 11 1s a partially exploded, isometric view ol a
tamper-respondent assembly, or tamper prool electronic
package, which includes (in part) an electrically conductive
encapsulant adjacent to a periphery of the enclosure-to-
board 1nterface, 1n accordance with one or more aspects of
the present invention;

FIG. 12 1s a cross-sectional elevational representation of
one embodiment of a tamper-respondent assembly, such as
depicted 1n FIG. 11, shown with the electronic enclosure
secured to the circuit board, 1n accordance with one or more
aspects of the present mnvention;

FIG. 13 1s a partially exploded, 1sometric view of another
embodiment of a tamper-respondent assembly, or tamper
prool electronic package, which includes electromagnetic
compatibility (EMC) springs disposed at a periphery of the
enclosure-to-board interface, in accordance with one or
more aspects of the present invention;

FIG. 14 1s a cross-sectional elevational representation of
one embodiment of a tamper-respondent assembly, such as
depicted 1n FIG. 13, shown with the electronic enclosure
mounted to the circuit board, 1n accordance with one or more
aspects of the present mvention;

FIG. 15A 1s a partial top plan view of one embodiment of
the EMC springs of FIGS. 13 & 14, which are configured
and located to electrically connect the electronic enclosure
to the circuit board, 1n accordance with one or more aspects
of the present invention; and

FIG. 15B 1s an elevational depiction of the EMC springs
of FIG. 15A, 1n accordance with one or more aspects of the
present mvention.

DETAILED DESCRIPTION

Aspects of the present invention and certain features,
advantages, and details thereof, are explained more fully
below with reference to the non-limiting example(s) illus-
trated 1n the accompanying drawings. Descriptions of well-
known matenals, fabrication tools, processing techniques,
etc., are omitted so as not to unnecessarily obscure the
invention in detail. It should be understood, however, that
the detailed description and the specific example(s), while
indicating aspects of the mvention, are given by way of
illustration only, and are not by way of limitation. Various
substitutions, modifications, additions, and/or arrangements,
within the spirit and/or scope of the underlying inventive
concepts will be apparent to those skilled i the art for this
disclosure. Note further that reference 1s made below to the
drawings, which are not drawn to scale for ease of under-
standing, wherein the same reference numbers used through-
out different figures designate the same or similar compo-
nents. Also, note that numerous inventive aspects and
features are disclosed herein, and unless otherwise incon-
sistent, each disclosed aspect or feature 1s combinable with
any other disclosed aspect or feature as desired for a
particular application, for instance, for establishing a secure
volume about an electronic component or electronic assem-
bly to be protected.
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Reterence 1s first made to FIG. 1 of the drawings, which
illustrates one embodiment of an electronic assembly pack-
age 100 configured as a tamper-proof electronic assembly
package for purposes of discussion. In the depicted embodi-
ment, an electronic assembly enclosure 110 1s provided
containing, for istance, an electronic assembly, which 1n
one embodiment may include a plurality of electronic com-
ponents, such as an encryption and/or decryption module
and associated memory. The encryption and/or decryption
module may comprise security-sensitive information with,
for instance, access to the information stored in the module
requiring use of a variable key, and with the nature of the key
being stored 1n the associated memory within the enclosure.

In one or more implementations, a tamper-proof elec-
tronic package such as depicted 1s configured or arranged to
detect attempts to tamper-with or penetrate into electronic
assembly enclosure 110. Accordingly, electronic assembly
enclosure 110 also includes, for instance, a monitor circuit
which, 1f tampering 1s detected, activates an erase circuit to
crase information stored within the associated memory, as
well as the encryption and/or decryption module within the
communications card. These components may be mounted
on, and interconnected by, a multilayer circuit board, such as
a printed circuit board or other multilayer substrate, and be
internally or externally powered via a power supply pro-
vided within the electronic assembly enclosure.

In the embodiment illustrated, and as one example only,
clectronic assembly enclosure 110 may be surrounded by a
tamper-respondent sensor 120, an encapsulant 130, and an
outer, thermally conductive enclosure 140. In one or more
implementations, tamper-respondent sensor 120 may
include a tamper-respondent laminate that 1s folded around
clectronic assembly enclosure 110, and encapsulant 130 may
be provided 1n the form of a molding. Tamper-respondent
sensor 120 may 1nclude various detection layers, which are
monitored through, for instance, a ribbon cable by the
enclosure monitor, against sudden violent attempts to pen-
etrate enclosure 110 and damage the enclosure monitor or
erase circuit, before information can be erased from the
encryption module. The tamper-respondent sensor may be,
for example, any such article commercially available or
described 1n various publications and 1ssued patents, or any
enhanced article such as disclosed herein.

By way of example, tamper-respondent sensor 120 may
be formed as a tamper-respondent laminate comprising a
number of separate layers with, for instance, an outermost
lamination-respondent layer including a matrix of, for
example, diagonally-extending or sinusoidally-extending,
conductive or semi-conductive lines printed onto a regular,
thin 1nsulating film. The matrix of lines forms a number of
continuous conductors which would be broken if attempts
are made to penetrate the film. The lines may be formed, for
instance, by printing carbon-loaded Polymer Thick Film
(PTF) ik onto the film and selectively connecting the lines
on each side, by conductive vias, near the edges of the film.
Connections between the lines and an enclosure monitor of
the communications card may be provided via, for 1nstance,
one or more ribbon cables. The ribbon cable 1tself may be
formed of lines of conductive 1nk printed onto an extension
of the film, 1f desired. Connections between the matrix and
the ribbon cable may be made via connectors formed on one
edge of the film. As noted, the laminate may be wrapped
around the electronic assembly enclosure to define the
tamper-respondent sensor 120 surrounding enclosure 110.

In one or more implementations, the various elements of
the laminate may be adhered together and wrapped around
enclosure 110, 1n a stmilar manner to gift-wrapping a parcel,
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to define the tamper-respondent sensor shape 120. The
assembly may be placed 1n a mold which 1s then filled with,
for instance, cold-pour polyurethane, and the polyurethane
may be cured and hardened to form an encapsulant 130. The
encapsulant may, 1n one or more embodiments, completely
surround the tamper-respondent sensor 120 and enclosure
110, and thus form a complete environmental seal, protect-
ing the interior of the enclosure. The hardened polyurethane
1s resilient and increases robustness of the electronic pack-
age 1n normal use. Outer, thermally conductive enclosure
140 may optionally be provided over encapsulant 130 to, for
instance, provide further structural rigidity to the electronic
package.

Note that, as an enhancement, within a sealed electronic
package, such as the tamper-proofl electronic package
depicted i FIG. 1 and described above, structures and
methods for facilitating heat transfer from one or more
clectronic components disposed therein outwards through
the enclosure and any other layers of the electronic package
may be provided.

FIG. 2 depicts 1 detail one embodiment of a typical
tamper-prool electronic package 200. Electronic package
200 1s defined by, for mstance, a base metal shell 202 and a
top metal shell 204. Outer surfaces of base metal shell 202
and top metal shell 204 may be provided with standoils 206,
with an electronic assembly 208 resting on standofils 206
defined 1n base metal shell 202. Electronic assembly 208
may include, for instance, a printed circuit board 210 with
clectronic components 212 that are electrically connected
via conductors (not shown) defined within or on printed
circuit board 210.

Hollow spacers 213 may be placed below dimples 206 in
top metal shell 204, and nivets 214 provided, extending
through openings in dimples 206, through hollow spacers
213 and through openings in printed circuit board 210 to
base metal shell 202 in order to fixedly secure electronic
assembly 208 within the enclosure formed by base and top
metal shells 202, 204. A security mesh or tamper-respondent
sensor 216 1s wrapped around the top, base, and four sides
of the enclosure formed by base and top metal shells 202,
204. As 1illustrated, in one or more embodiments, top metal
shell 204 may have an opening through which a bus 220
extends. One end of bus 220 may be connected to conduc-
tors (not shown) on printed circuit board 210, and the other
end may be connected to conductors (not shown) on a
printed circuit board 222. As bus 220 passes through the
opening, the bus extends between an inner edge region 223
of the security mesh 216 and an overlapping, outer edge
region 224 of the security mesh 216. A group of wires 226
connect, 1n one embodiment, security mesh 216 to conduc-
tors on printed circuit board 210. Circuitry on printed circuit
board 210 1s responsive to a break or discontinuity in
security sensor array 216, in which case, an alarm signal
may be emitted on bus 220, and also encryption/decryption
keys stored within electronic assembly 208 may be erased.

In one or more implementations, liquid polyurethane resin
may be applied to security mesh 216 and cured. An outer,
thermally conductive enclosure 228, such as a copper enclo-
sure, may be filled with liquid polyurethane resin with the
clectronic assembly and inner enclosure and security mesh
suspended within 1t. Upon curing the resin, the electronic
assembly and inner enclosure and security mesh become
embedded in a polyurethane block or encapsulant 230, as
shown. The enclosure 228 1s mounted on the printed circuit
board 222, which can be accomplished using, for instance,
legs 240 which extend through slots in printed circuit board
222 and terminate in flanges 242, which are then bent out of
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alignment with the slots. Bus 220 may be connected, by way
of printed circuit board 222 to connectors 244 located along,
for instance, one edge of printed circuit board 222.

When considering tamper-proof packaging, the electronic
package needs to maintain defined tamper-proof require-
ments, such as those set forth in the National Institutes of
Standards and Technology (NIST) Publication FIPS 140-2,
which 1s a U.S. Government Computer Security Standard,
used to accredit cryptographic modules. The NIST FIPS
140-2 defines four levels of security, named Level 1 to Level
4, with Secunity Level 1 providing the lowest level of
security, and Security Level 4 providing the highest level of
security. At Security Level 4, physical security mechanisms
are provided to establish a complete envelope of protection
around the cryptographic module, with the intent of detect-
ing and responding to any unauthornized attempt at physical
access. Penetration of the cryptographic module enclosure
from any direction has a very high probability of being
detected, resulting in the immediate zeroization of all plain
text critical security parameters (CSPs). Security Level 4
cryptographic modules are useful for operation 1n physically
unprotected environments. Security Level 4 also protects a
cryptographic module against a security compromise due to
environmental conditions or tluctuations outside of the mod-
ule’s normal operating ranges for voltages and temperature.
Intentional excursions beyond the normal operating ranges
may be used by an attacker to thwart the cryptographic
module’s defenses. The cryptographic module 1s required to
either include specialized environmental protection features
designed to detect fluctuations and zeroize critical security
parameters, or to undergo rigorous environmental failure
testing to provide reasonable assurance that the module wall
not be affected by fluctuations outside of the normal oper-
ating range 1n a manner that can compromise the security of
the module.

To address the demands of ever-improving anti-intrusion
technology, and the higher-performance encryption/decryp-
tion functions being provided, enhancements to the tamper-
prool, tamper-evident packaging for the electronic assembly
at 1ssue are desired. Numerous enhancements are described
hereinbelow to, for instance, tamper-respondent assemblies
and tamper-respondent sensors. Note that the numerous
inventive aspects described herein may be used singly, or 1n
any desired combination. Additionally, in one or more
implementations, the enhancements to tamper-proof elec-
tronic packaging described herein may be provided to work
within defined space limitations for existing packages. For
instance, one or more of the concepts described may be
configured to work with peripheral component 1interconnect
express (PCle) size limits, and the limitations resulting from
being capsulated 1n, for instance, an isulating encapsulant.

Thus, disclosed hereinbelow with reference to FIGS.
3-14C are various approaches and/or enhancements to cre-
ating, for 1stance, a secure volume for accommodating one
or more electronic components, such as one or more encryp-
tion and/or decryption modules and associated components
ol a communications card or other electronic assembly.

FIG. 3 depicts a portion of one embodiment of a tamper-
respondent layer 305 (or laser and pierce-respondent layer)
of a tamper-respondent sensor 300 or security sensor, such
as discussed herein. In FIG. 3, the tamper-respondent layer
305 1ncludes circuit lines or traces 301 provided on one or
both opposite sides of a tlexible layer 302, which in one or
more embodiments, may be a flexible insulating layer or
film. FI1G. 3 1llustrates circuit lines 301 on, for instance, one
side of tlexible layer 302, with the traces on the opposite side
of the film being, for mstance, the same pattern, but (1n one
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or more embodiments) ofiset to lie directly below spaces
303, between circuit lines 301. As described below, the
circuit lines on one side of the flexible layer may be of a line
width W, and have a pitch or line-to-line spacing W _ such
that piercing of the layer 305 at any point results in damage
to at least one of the circuit lines traces 301. In one or more
implementations, the circuit lines may be electrically con-
nected in-series or parallel to define one or more conductors
which may be electrically connected in a network to an
enclosure monitor, which monitors the resistance of the
lines, as described herein. Detection of an increase, or other
change, 1n resistance, caused by cutting or damaging one of
the traces, will cause information within the encryption
and/or decryption module to be erased. Providing conduc-
tive lines 301 1n a pattern, such as a sinusoidal pattern, may
advantageously make 1t more diflicult to breach tamper-
respondent layer 305 without detection. Note, in this regard,
that conductive lines 301 could be provided in any desired
pattern. For instance, in an alternate implementation, con-
ductive lines 301 could be provided as parallel, straight
conductive lines, 11 desired, and the pattern or orientation of
the pattern may vary between sides of a layer, and/or
between layers.

As noted, as intrusion technology continues to evolve,
anti-intrusion technology needs to continue to improve to
stay ahead. In one or more implementations, the above-
summarized tamper-respondent sensor 300 of FIG. 3 may be
disposed over an outer surface of an electronic enclosure,
such as an electronic enclosure described above in connec-
tion with FIGS. 1 & 2. Alternatively, as described further
herein, the tamper-respondent sensor may cover or line an
iner surface of an electronic enclosure to provide a secure
volume about at least one electronic component to be
protected. Numerous enhancements to the tamper-respon-
dent sensor itself are described below.

In one or more aspects, disclosed herein 1s a tamper-
respondent sensor 300 with circuit lines 301 having reduced
line widths W, of, for instance, 200 um, or less, such as less
than or equal to 100 um, or even more particularly, 1n the
range of 30-70 um. This 1s contrasted with conventional
trace widths, which are typically on the order of 350 um or
larger. Commensurate with reducing the circuit line width
W, line-to-line spacing width W _303 1s also reduced to less
than or equal to 200 um, such as less than or equal to 100
wm, or for mstance, in a range of 30-70 um. Advantageously,
by reducing the line width W, and line-to-line spacing W _of
circuit lines 301 within tamper-respondent sensor 300, the
circuit line width and pitch i1s on the same order of magni-
tude as the smallest intrusion instruments currently avail-
able, and therefore, any intrusion attempt will necessarily
remove a suilicient amount of a circuit line(s) to cause
resistance to change, and thereby the tamper intrusion to be
detected. Note that, by making the circuit line width of the
smaller dimensions disclosed herein, any cutting or damage
to the smaller-dimensioned circuit line will also be more
likely to be detected, that 1s, due to a greater change 1n
resistance. For instance, if an intrusion attempt cuts a 100
um width line, 1t 1s more likely to reduce the line width
suiliciently to detect the intrusion by a change 1n resistance.
A change 1n a narrower line width 1s more likely to result in
a detectable change in resistance, compared with, for
istance, a 50% reduction 1n a more conventional line width
of 350 um to, for instance, 175 um. The smaller the
conductive circuit line width becomes, the more likely that
a tampering of that line will be detected.

Note also that a variety of materials may advantageously
be employed to form the circuit lines. For instance, the
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circuit lines may be formed of a conductive ik (such as a
carbon-loaded conductive ink) printed onto one or both
opposite sides of one or more of the flexible layers 302 1n a
stack of such layers. Alternatively, a metal or metal alloy
could be used to form the circuit lines, such as copper, silver,
intrinsically conductive polymers, carbon ink, or nickel-
phosphorus (N1P), or Omega-Ply®, offered by Omega Tech-
nologies, Inc. of Culver City, Calif. (USA), or Ticer™
offered by Ticer Technologies, Chandler, Ariz. (USA). Note
that the process employed to form the fine circuit lines or
traces on the order described herein 1s dependent, in part, on
the choice of material used for the circuit lines. For instance,
if copper circuit lines are being fabricated, then additive
processing, such as plating up copper traces, or subtractive
processing, such as etching away unwanted copper between
trace lines, may be employed. By way of further example, i
conductive ik 1s employed as the circuit line material, fine
circuit lines on the order disclosed herein can be achieved by
focusing on the rheological properties of the conductive 1nk
formulation. Further, rather than simple pneumatics of push-
ing conductive ik through an aperture 1n a stencil with a
squeegee, the screen emulsion may be characterized as very
thin (for instance, 150 to 200 um), and a squeegee angle may
be used such that the ik 1s sheared to achieve conductive
ink breakaway rather than pumping the conductive ink
through the screen apertures. Note that the screen for fine
line width printing such as described herein may have the
following characteristics 1n one specific embodiment: a fine
polyester thread for both warp and weave on the order of 75
micrometers; a thread count between 250-320 threads per
inch; a mesh thickness of, for instance, 150 micrometers; an
open area between threads that 1s at least 1.5x to 2.0x the
conductive ik particle size; and to maintain dimensional
stability of the print, the screen snap-ofl 1s kept to a
minimum due the screen strain during squeegee passage.

In one or more implementations, circuit lines 301 of
tamper-respondent sensor 300 are electrically connected to
define one or more resistive networks. Further, the circuit
lines may include one or more resistive circuit lines by
selecting the line material, line width W, and line length L,
to provide a desired resistance per line. As one example, a
“resistive circuit line” as used herein may comprise a line
with 1000 ohms resistance or greater, end-to-end. In one
specific example, a circuit line width of 50 um, with a circuit
line thickness of 10 um may be used, with the line length L,
and maternal selected to achieve the desired resistance. At
the dimensions described, good electrical conductors such as
copper or silver may also be employed and still form a
resistive network due to the fine dimensions noted. Alter-
natively, materials such as conductive ink or the above-noted
Omega-Ply® or Ticer' may be used to define resistive circuit
lines.

In a further aspect, the flexible layer 302 itself may be
turther reduced 1n thickness from a typical polyester layer by
selecting a crystalline polymer to form the flexible layer or
substrate. By way of example, the crystalline polymer could
comprise polyvinylidene difluoride (PVDF), or Kapton, or
other crystalline polymer material. Advantageously, use of a
crystalline polymer as the substrate film may reduce thick-
ness of the flexible layer 302 to, for mstance, 2 mils thick
from a more conventional amorphous polyester layer of, for
istance, 5-6 mils. A crystalline polymer can be made much
thinner, while still maintaining structural integrity of the
flexible substrate, which advantageously allows for far more
folding, and greater reliability of the sensor after folding.
Note that the radius of any fold or curvature of the sensor 1s
necessarily constrained by the thickness of the layers com-
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prising the sensor. Thus, by reducing the tlexible layer
thickness to, for instance, 2 mils, then 1n a four tamper-
respondent layer stack, the stack thickness can be reduced
from, for instance, 20 mils in the case of a typical polyester
film, to 10 mils or less with the use of crystalline polymer
{1lms.

By way of further example, FIGS. 4A & 4B depict one
embodiment of tamper-respondent assembly 400, or tamper-
prool electronic package, which comprises an electronic
circuit 415 to be protected, 1n accordance with one or more
turther aspects of the present invention.

Referring collectively to FIGS. 4A & 4B, electronic
circuit 415 mncludes a multilayer circuit board 410 which has
an embedded tamper-respondent sensor 411 therein that
tacilitates defining, 1n part, a secure volume 401 associated
with multilayer circuit board 410 that extends mnto multi-
layer circuit board 410. In particular, 1n the embodiment of
FIGS. 4A & 4B, secure volume 401 exists partially within
multilayer circuit board 410, and partially above multilayer
circuit board 410. One or more electronic components 402
are mounted to multilayer circuit board 410 within secure
volume 401 and may comprise, for mnstance, one or more
encryption modules and/or decryption modules, and associ-
ated components, with the tamper-proof electronic package
comprising, in one or more embodiments, a communications
card of a computer system.

Tamper-proot electronic package 400 further includes an
enclosure 420, such as a pedestal-type enclosure, mounted to
multilayer circuit board 810 within, for instance, a continu-
ous groove (or trench) 412 formed within an upper surface
of multilayer circuit board 410. In one or more embodi-
ments, enclosure 420 may comprise a thermally conductive
material and operate as a heatsink for facilitating cooling of
the one or more electronic components 402 within the secure
volume. A security mesh or tamper-respondent sensor 421,
such as the above-described tamper-respondent sensors of
FIG. 3, may be associated with enclosure 420, for example,
wrapping around the inner surface of enclosure 420 to
tacilitate defiming, 1n combination with tamper-respondent
sensor 411 embedded within multilayer circuit board 410,
secure volume 401. In one or more implementations, tam-
per-respondent sensor 421 extends down into continuous
groove 412 1n multilayer circuit board 410 and may, for
instance, even wrap partially or fully around the lower edge
of enclosure 420 within continuous groove 412 to provide
enhanced tamper-detection where enclosure 420 couples to
multilayer circuit board 410. In one or more implementa-
tions, enclosure 420 may be securely aflixed to multilayer
circuit board 410 using, for instance, a bonding material
such as an epoxy or other adhesive.

As depicted 1 FIG. 4B, one or more external circuit
connection vias 413 may be provided within multilayer
circuit board 410 for electrically connecting to the one or
more electronic components 402 (FIG. 4A) within secure
volume 401. These one or more external circuit connection
vias 413 may electrically connect to one or more external
signal lines or planes (not shown) embedded within multi-
layer circuit board 410 and extending, for instance, into a
secure base region of (or below) secure volume 401, as
explained further below. Electrical connections to and from
secure volume 401 may be provided by coupling to such
external signal lines or planes within the multilayer circuit
board 410.

As noted with reference to FIGS. 4A & 4B, secure volume
401 defined in association with multilayer circuit board 410
may be sized to house electronic components 402 to be
protected, and be constructed to extend into multilayer
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circuit board 410. In one or more implementations, multi-
layer circuit board 410 includes electrical interconnect
within the secure volume 401 defined in the board, for
instance, for electrically connecting the multiple tamper-
respondent layers of the embedded tamper-respondent sen-
sor 411 to associated monitor circuitry also disposed within
secure volume 401, along with, for 1mnstance, one or more
daughter cards, such as memory DIMMs, PCle cards, pro-

cessor cards, etc.

Note that the embodiment depicted 1n FIGS. 4A & 4B 1s
presented by way of example only. In one or more other
implementations, the electronic circuit may comprise mul-
tiple multilayer circuit boards, each with a tamper-respon-
dent sensor embedded within the multilayer circuit board
with an appropriate connector, located within a secure
volume defined between two adjacent multilayer circuit
boards, interconnecting selected wiring of the multilayer
circuit boards. In such an implementation, the overlying
multilayer circuit board could be hollowed out to accom-
modate, for instance, the connector and/or one or more other
clectronic components between the multilayer circuit
boards. In addition, other configurations of enclosure 420,
and/or other approaches to coupling enclosure 420 and
multilayer circuit board 410 may be employed.

By way of further example, FIG. 5 depicts a partial
cross-sectional elevational view of one embodiment of mul-
tilayer circuit board 410 and enclosure 420. In this configu-
ration, the embedded tamper-respondent sensor includes
multiple tamper-respondent layers including, by way of
example, at least one tamper-respondent mat (or base) layer
500, and at least one tamper-respondent frame 501. In the
example depicted, two tamper-respondent mat layers 500
and two tamper-respondent frame 501 are illustrated, by way
of example only. The lower-most tamper-respondent mat
layer 500 may be a continuous sense or detect layer extend-
ing completely below the secure volume being defined
within multilayer circuit board 510. One or both tamper-
respondent mat layers 500 below secure volume 401 may be
partitioned 1nto multiple circuit zones, as discussed further
below. Within each tamper-respondent mat layer, or more
particularly, within each circuit zone of each tamper-respon-
dent mat layer, multiple circuits or conductive traces are
provided 1n any desired configuration, such as the configu-
ration described above 1n connection with FIG. 3. Further,
the conductive traces within the tamper-respondent layers
may be implemented as, for instance, a resistive layer which
1s dithicult to attach shunt circuits to, as explained further
below.

As 1llustrated, one or more external signal lines or planes
505 enter secure volume 401 between, 1n this embodiment,
two tamper-respondent mat layers 500, and then electrically
connect upwards 1nto the secure volume 401 through one or
more conductive vias, arranged 1n any desired location and
pattern. In the configuration depicted, the one or more
tamper-respondent frames 501 are disposed at least 1inside of
the area defined by continuous groove 512 accommodating
the base of enclosure 520. Together with security sensor 421
associated with enclosure 420, tamper-respondent frames
501 define secure volume 401 where extending, 1n part, into
multilayer circuit board 410. With secure volume 401
defined, at least 1n part, within multilayer circuit board 410,
the external signal line(s) 505 may be securely electrically
connected to, for instance, the one or more electronic
components 402 (FIG. 4A) mounted to multilayer circuit
board 410 within secure volume 401. In addition, the secure
volume 401 may accommodate electrical interconnection of
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the conductive traces of the multiple tamper-respondent
layers, for instance, via appropriate monitor circuitry.

Added security may be provided by extending tamper-
respondent mat layers 500 (and 1f desired, tamper-respon-
dent frames 3501) outward past continuous groove 412
accommodating enclosure 420. In this manner, a line of
attack may be made more diflicult at the interface between
enclosure 420 and multilayer circuit board 410 since the
attack would need to clear tamper-respondent mat layers
500, the bottom edge of tamper-respondent sensor 421
associated with enclosure 420, as well as the tamper-respon-
dent frames 501 of the embedded tamper-respondent sensor.

Variations on the multilayer circuit board 410 of FIG. 4A
are possible. For instance, in one embodiment, the embed-
ded tamper-respondent sensor may include multiple tamper-
respondent mat layers 500 and multiple tamper-respondent
frames 501, such as described above, and a tri-plate structure
comprising one or more external signal lines or layers
sandwiched between an upper ground plane and a lower
ground plane. In this configuration, high-speed transier of
signals to and from the secure volume, and 1n particular, to
and from the one or more electronic components resident
within the secure volume, would be facilitated.

Note also that, once within the secure volume 1s defined
within multilayer circuit board 410, conductive vias within
the secure volume between layers of multilayer circuit board
410 may be etther aligned, or offset, as desired, dependent
upon the implementation. Alignment of conductive vias may
tacilitate, for mstance, providing a shortest connection path,
while oflsetting conductive vias between layers may further
enhance security of the tamper-proof electronic package by
making an attack into the secure volume through or around
one or more tamper-respondent layers of the multiple tam-
per-respondent layers more difhicult.

The tamper-respondent layers of the embedded tamper-
respondent sensor formed within the multilayer circuit board
of the electronic circuit or electronic package may include
multiple conductive traces or lines formed between, for
instance, respective sets of mput and output contacts or vias
at the trace termination points. Any number of conductive
traces or circuits may be employed in defining a tamper-
respondent layer or a tamper-respondent circuit zone within
a tamper-respondent layer. For instance, 4, 6, 8, etc., con-
ductive traces may be formed in parallel (or otherwise)
within a given tamper-respondent layer or circuit zone
between the respective sets of mput and output contacts to
those conductive traces.

In one or more implementations, the multilayer circuit
board may be a multilayer wiring board or printed circuit
board formed, for instance, by building up the multiple
layers of the board. FIG. 6 illustrates one embodiment for
forming and patterning a tamper-respondent layer within
such a multilayer circuit board.

As 1llustrated in FIG. 6, in one or more implementations,
a tamper-respondent layer, such as a tamper-respondent mat
layer or a tamper-respondent frame disclosed herein, may be
formed by providing a material stack comprising, at least 1in
part, a structural layer 601, such as a pre-preg (or pre-
impregnated) material layer, a trace material layer 602 for
use 1n defimng the desired trace patterns, and an overlying
conductive material layer 603, to be patterned to define
conductive contacts or vias electrically connecting to the
pattern of traces being formed within the trace matenial layer
602, for mstance, at trace terminal points. In one or more
implementations, the trace material layer 602 may comprise
nickel phosphorous (NiP), and the overlying conductive
layer 603 may comprise copper. Note that these materials are
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identified by way of example only, and that other trace
and/or conductive materials may be used within the build-up
600.

A first photoresist 604 1s provided over build-up 600, and
patterned with one or more openings 603, through which the
overlying conductive layer 603 may be etched. Depending
on the materials employed, and the etch processes used, a
second etch process may be desired to remove portions of
trace material layer 602 to define the conductive traces of the
subject tamper-respondent layer. First photoresist 1004 may
then be removed, and a second photoresist 604' 1s provided
over the conductive layer 603 features to remain, such as the
input and output contacts. Exposed portions of conductive
layer 603 are then etched, and the second photoresist 604'
may be removed, with any opening 1n the layer being filled,
for instance, with an adhesive (or pre-preg) and a next
build-up layer 1s provided, as shown. Note that in this
implementation, most of overlying conductive layer 603 is
ctched away, with only the conductive contacts or vias
remaining where desired, for instance, at the terminal points
of the traces formed within the layer by the patterning of the
trace material layer 602. Note that any of a variety of
materials may be employed to form the conductive lines or
traces within a tamper-respondent layer. Nickel-phospho-
rous (N1P) 1s particularly advantageous as a material since 1t
1s resistant to contact by solder, or use of a conductive
adhesive to bond to 1t, making it harder to bridge from one
circuit or trace to the next during an attempt to penetrate into
the protected secure volume of the electronic circuit. Other
materials which could be employed include OhmegaPly®,
oflered by Ohmega Technologies, Inc., of Culver City, Calif.
(USA), or Ticer™, offered by Ticer Technologies of Chan-
dler, Ariz. (USA).

The trace lines or circuits within all of the tamper-
respondent layers, and 1n particular, the tamper-respondent
circuit zones, of the embedded tamper-respondent sensor,
along with the tamper-respondent sensor 421 (FIG. 4A),
may be electrically connected into monitor or compare
circuitry provided, for mnstance, within secure volume 401
(FIG. 4A) of multilayer circuit board 410. The monitor
circuitry may include various bridge or compare circuits,
and conventional printed wiring board electrical intercon-
nect 1inside the secure volume 401, for instance, located
within the secure volume defined by the tamper-respondent
frames 501 (FIG. §), and the tamper-respondent mat layers.

Note that advantageously, different tamper-respondent
circuit zones on diflerent tamper-respondent layers may be
clectrically interconnected into, for instance, the same com-
parator circuit, Wheatstone bridge, or similar monitor cir-
cuitry. Thus, any of a large number of interconnect configu-
rations may be possible. For instance, if each of two tamper-
respondent mat layers contains 30 tamper-respondent circuit
zones, and each of two tamper-respondent frames contains 4
tamper-respondent circuit zones, then, for instance, the
resultant 68 tamper-respondent circuit zones may be con-
nected 1n any configuration within the secure volume to
create the desired arrangement of circuit networks within the
secure volume being monitored for changes in resistance or
tampering. Note in this regard, that the power supply or
battery for the tamper-respondent sensor may be located
external to the secure volume, with the sensor being con-
figured to trip and destroy any protected or critical data if the
power supply or battery 1s tampered with.

By way of example, an 1sometric view of one embodiment
of a tamper-respondent assembly, or tamper-proof electronic
package, 1s depicted in FIG. 7, wherein an electronic enclo-
sure 700 1s shown sealed to multilayer circuit board 410 to
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define a secure volume about one or more electronic com-
ponents, as described herein. In the embodiment depicted,
clectronic enclosure 700 includes a main surface 701 and
sidewall(s) 702 which include sidewall comers 710. An
inner surface of electronic enclosure 700 would include an
imnner main surface, and an inner-sidewall surface corre-
sponding to main surface 701 and sidewall(s) 702, respec-
tively, with the mner main surface and inner-sidewall sur-
faces being covered, at least 1n part, by a tamper-respondent
sensor such as described herein. A power supply 705 or
battery for the tamper-respondent sensor 1s located, 1n this
embodiment, external to the secure volume, with the sensor
again being configured to trip and destroy any protected or
critical data i1f the power supply or battery 1s tampered with.
Electronic enclosure 700 may be adhered or mechanically
alixed to multilayer circuit board 410, which as noted
above, may include 1ts own embedded tamper-respondent
sensor layer(s).

In one or more implementations, the tamper-respondent
assembly may incorporate or include an air path to adjust air
pressure within the secure volume of the assembly to
equalize with air pressure external to the assembly. By way
of example, an air vent may be provided through electronic
enclosure 700, and this air vent may be 1 fluid communi-
cation with a vent structure disposed between the electronic
enclosure and the multilayer circuit board. For instance, the
vent structure may comprise a low profile vent structure
sandwiched between overlapping regions of a tamper-re-
spondent sensor covering an inner-sidewall surface of the
clectronic enclosure. The vent structure includes at least one
air passage coupling in fluid communication the secure
volume defined by the assembly and the air vent in elec-
tronic enclosure 700. Note that in this context “in fluid
communication” refers to air or gas communication being
established between the secure volume provided by the
tamper-respondent assembly, and the air vent through the
clectronic enclosure.

FIGS. 8A & 8B depict underside, 1sometric views of one
embodiment of a tamper-respondent assembly employing
clectronic enclosure 700. Reterring collectively to FIGS. 8A
& 8B, 1n one or more implementations, tamper-respondent
assembly 800 includes electronic enclosure 700 which, as
noted, 1s to enclose, at least in part, one or more electronic
components or an electronic assembly to be protected, and
associated with, for instance, a multilayer circuit board.
Electronic enclosure 700 includes an inner main surface, and
an inner-sidewall surface including at least one nner-side-
wall corner, such as described above 1n connection with FIG.
7. Further, tamper-respondent assembly 800 includes a tam-
per-respondent electronic circuit structure which includes at
least one tamper-respondent sensor mounted to and cover-
ing, at least in part, the inner surface(s) of electronic
enclosure 700. As explamned further below, the tamper-
respondent sensor(s) 1s configured so as to facilitate good
contact, and good adhesion, of the sensor to the inner
surfaces of the enclosure, such as, for instance, the one or
more inner-sidewall corners of the electronic enclosure
700, to provide secure coverage of the tamper-respondent
sensor(s) over the mner surface(s) of the electronic enclo-
sure.

As 1llustrated, in one or more implementations, the tam-
per-respondent electronic circuit structure associated with
clectronic enclosure 700 may include an inner-sidewall
tamper-respondent sensor 810 and an inner main surface
tamper-respondent sensor 820, along with a security band or
clement 830. In the illustrated example, mner-sidewall tam-
per-respondent sensor 810 may be formed with an integrated
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flex ribbon cable or extension 811 to facilitate electrical
connection of the at least one resistive network within
inner-sidewall tamper-respondent sensor 810 to appropriate
monitor circuitry (not shown) disposed within, for instance,
the secure volume defined, at least 1n part, by the tamper-
respondent assembly of FIGS. 8A & 8B. Similarly, inner
main surface tamper-respondent sensor 820 may be config-
ured with an mtegrated flex ribbon cable or extension 821 to
facilitate electrical connection of 1nner main surface tamper-
respondent sensor 820 to the monitor circuitry, as well. A
bonding agent (discussed below), such as a thermoset adhe-
sive, may be employed to adhere inner-sidewall tamper-
respondent sensor 820 to the mner-sidewall surface and to
inner-sidewall corners. A similar adhesive could be used to
adhere mner main surface tamper-respondent sensor 820 to
inner main surface and to inner-sidewall tamper-respondent
sensor 810 where the sensors overlap. Security band 830
may further be adhesively secured over the overlap between
inner main surface tamper-respondent sensor 820 and inner-
sidewall tamper-respondent sensor 810 covering, 1n one or
more implementations, transition regions between the mner-
sidewall surface and the inner main surface around the 1nner
perimeter of electronics enclosure 700.

Note that, in the example provided in FIGS. 8A & 8B,
inner-sidewall tamper-respondent sensor 810 and 1nner main
surface tamper-respondent sensor 820 are discrete tamper-
respondent sensors that overlap, at least 1n part, and facilitate
defining a secure volume about the at least one electronic
component to be protected. For instance, the secure volume
may be defined by tlipping over and securing the 1llustrated
tamper-respondent assembly of FIGS. 8A & 8B to a multi-
layer circuit board with an embedded tamper-respondent
sensor, such as described above.

By way of further enhancement, increased protection
against and/or sensitivity to a tamper event may be desired
at or adjacent to, the enclosure-to-board interface. For
instance, one 1ssue addressed herein 1s to provide enhanced
resistance against a chemical attack at the interface between
the electronic enclosure and circuit board, 1n an attempt to
separate the enclosure and board, while circumventing the
tamper-respondent circuitry of the assembly. Any attempt to
remove the electronic enclosure from the board needs to be
detected by the circuitry monitoring the tamper-respondent
assembly. In particular, enhancements are provided herein to
protect against either a mechanical or chemical attack at the
enclosure-to-board intertace, and/or to facilitate detection of
such an attack by the tamper-respondent electronic circuit
structure providing, or defining, the secure volume of the
tamper-respondent assembly.

By way of example, enhanced protection against chemical
attack may be obtained by using 1n series different types of
encapsulants and/or adhesives at the interface of the elec-
tronic enclosure and circuit board. For example, a structural
adhesive may be employed within the continuous groove or
trench receiving the electronic enclosure edge, and an encap-
sulant, such as an electrically conductive encapsulant, could
be provided about the periphery of the enclosure-to-board
interface. Advantageously, such a differently-based-material
facilitates both electromagnetic protection, and as an alter-
native material (e.g., silicone) helps with preventing chemai-
cal attack, such as a chemical attack using Methylene
Chlonide, which 1s one of the chemicals required to protect
against during FIPS 140-2 security testing for level 4
security assembly. The combination of two or more different
materials-based adhesives and/or encapsulants 1n series at
the interface between the electronic enclosure and circuit
board (for instance, i an inward direction towards the
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secure volume of the tamper-respondent assembly), advan-
tageously provides an enhanced range of resistance against
chemical attack at the interface.

Additionally, a tamper-respondent circuit of the tamper-
respondent electronic circuit structure may be provided
about an mner periphery of the enclosure-to-board interface.
Along with the tamper-respondent circuit at the inner
periphery, an adhesive, such as a strong, structural adhesive,
may be provided iternally of the electronic enclosure at, for
instance, the mmner periphery thereol 1n a location where
chemical attack 1s very diflicult to perform, such as within
the region of the board encircled by the continuous groove.
When an attack attempts to lift the electronic enclosure from
the circuit board, the adhesive 1n contact with the tamper-
respondent circuit causes a break in the tamper-respondent
circuit, which facilitates detection of the separation by the
monitor circuitry.

By way of example, the tamper-respondent circuit may
include a plurality of surface-mount technology (SMT)
components or structures, such as resistors. For instance, a
plurality of surface-mount, zero-ohm resistors, or other
low-resistance components, may be mounted to the circuit
board at an inner periphery of the enclosure-to-board inter-
tace, for 1nstance, adjacent to the continuous groove 1n the
circuit board receiving the electronic enclosure edge. The
adhesive 1s located so as to contact, or even cover or
encapsulate, the plurality of surface-mount components of
the circuit, so that when an attempt 1s made to separate the
enclosure from the circuit board, one or more of the surface-
mount components with break away from their respective
contact or solder pads, due to the mechanical force applied,
which 1n turn, breaks the electrical continuity of the tamper-
respondent circuit and facilitates detection of the tamper
event.

Generally stated, 1n one or more aspects, described further
herein are tamper-respondent assemblies which include a
circuit board and an electronic enclosure mounted to the
circuit board to facilitate enclosing one or more electronic
components within a secure volume. A tamper-respondent
clectronic circuit structure 1s provided to facilitate defining
the secure volume. The tamper-respondent electronic circuit
structure includes a tamper-respondent circuit, and an adhe-
s1ve 1s provided securing, in part, the electronic enclosure to
the circuit board. The adhesive contacts, at least in part, the
tamper-respondent circuit of the tamper-respondent elec-
tronic circuit structure. Thus, an attempted separation of the
clectronic enclosure from the circuit board causes the adhe-
sive to break the tamper-respondent circuit, thereby facili-
tating detection of the intrusion event. By way of example,
the adhesive may cover or encapsulate, at least in part, one
or more surface-mount components of the tamper-respon-
dent circuit. The adhesive may be disposed over an upper
surface of the circuit board along an inner periphery of the
enclosure-to-board interface; that 1s, adjacent to where the
clectronic enclosure mounts to the circuit board.

In one or more implementations, the surface-mount com-
ponents of the tamper-respondent circuit may include a
plurality of surface-mount technology (SMT) resistors, such
as a plurality of surface-mount, zero-ohm resistors, each
mounted to respective pads on the surface of the circuit
board at the 1nner periphery of the electronic enclosure. Note
that the plurality of components (for instance, resistors) may
be electrically connected in-series, and be mounted to an
upper surface of the board within the area, encircled by the
continuous groove. The adhesive may cover or encapsulate,
at least 1n part, the plurality of components, and provide
good adhesion to the components, so that an attempted
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separation of the electronic enclosure from the circuit board
will damage the tamper-respondent circuit by breaking one
or more of the surface-mount components from their respec-
tive contact pads. In addition, when disposed along the inner
periphery of the electronic enclosure as described herein, the
adhesive may also contact, 1n one or more embodiments, the
iner sidewall tamper-respondent sensor of the tamper-
respondent assembly disposed over the inner sidewall of the
clectronic enclosure, and bond that sensor directly to the
circuit board for enhanced security. In one or more 1mple-
mentations, the tamper-respondent electronic circuit struc-
ture may further include a power source electrically con-
nected to the monitor circuitry. In one or more aspects, the
monitor circuitry 1s configured to identify an intrusion upon
loss of power from the power source, and the tamper-
respondent circuit 1s electrically connected between the
power source and monitor circuitry, so that any damage to
the tamper-respondent circuit results in loss of power, and
thereby detection of the tamper event by the monitor cir-
cuitry.

As noted above, 1n one or more implementations, the
circuit board may be or include a multilayer circuit board
with one or more embedded tamper-respondent sensors. The
embedded tamper-respondent sensor(s) facilitates defining,
at least 1n part, the secure volume of the tamper-respondent
assembly.

Further, the tamper-respondent assembly may include an
encapsulant. This encapsulant 1s 1n addition to, for instance,
a structural adhesive securing the electronic enclosure to the
circuit board. Thus, an attempted attack at the interface of
the electronic enclosure and multilayer circuit board would
encounter, 1 an inward direction, two (or more) adhesives
and/or encapsulants with different material properties. The
encapsulant may be, or may comprise, an electrically con-
ductive encapsulant and be disposed to facilitate electrical
connection between the electronic enclosure and the circuit
board, for instance, to electrically connect a conductive
surface of the electronic enclosure to a ground plane of the
circuit board. Advantageously, the electrically conductive
encapsulant facilitates suppressing electromagnetic interfer-
ence (EMI) at the enclosure-to-board interface.

In one or more other embodiments, a plurality of electrical
contacts may alternatively be provided, for instance,
between the circuit board and the electronic enclosure at the
enclosure-to-board interface, or adjacent to the interface, so
as to be spaced about the perimeter of the electronic enclo-
sure where mounted to the circuit board. By way of example,
the plurality of electrical contacts may be located to facili-
tate good electrical connection between the electronic enclo-
sure and the circuit board to provide, for instance, suppres-
s1on of electromagnetic interference (EMI) at the enclosure-
to-board interface. For example, the plurality of electrical
contacts may include a plurality of electromagnetic compat-
ibility (EMC) springs disposed between the electronic enclo-
sure and the circuit board at the perimeter of the electronic
enclosure.

By way of example, FIGS. 9 & 10 depict a tamper-
respondent assembly which comprises, for instance, multi-
layer circuit board 410 with a continuous groove or trench
412 configured and sized to receive an edge of electronic
enclosure 700 when the enclosure 1s mounted to multilayer
circuit board 410. Secure volume 401 1s defined between, for
instance, electronic enclosure 700 and multilayer circuit
board 410 by a tamper-respondent electronic circuit struc-
ture, which may include, for instance, an mnner sidewall
tamper-respondent sensor 810 (FIG. 10), an inner main
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surface tamper-respondent sensor 820 (FIG. 10), and one or
more embedded tamper-respondent sensors, such as
described above.

As depicted 1n FIG. 9, the tamper-respondent assembly,
and more particularly, the tamper-respondent electronic cir-
cuit structure of the assembly, further includes 1n one or
more embodiments, a tamper-respondent circuit 900 dis-
posed along the inside periphery of continuous groove 412,
at the iner periphery of the enclosure-to-board interface
(FIG. 10). By way of example, tamper-respondent circuit
900 1ncludes circuit lines 901 which electrically intercon-
nect, for istance, i series, a plurality of surface-mount
components, such as resistors 902, which may be zero-ohm,
surface-mount technology (SMT) resistors. By way of
example, a zero-ohm resistor might comprise a surface-
mount wire segment that 1s electrically connected at 1ts ends
to respective contact pads on the upper surface of the circuit
board. The depicted ring of zero-ohm resistors, components
or other structures, of tamper-respondent circuit 900 may, 1n
one or more 1mplementations, electrically connect 903 to
monitor circuitry (not shown) of the tamper-respondent
assembly disposed within secure volume 401. By locating
tamper-respondent circuit 900, with the plurality of resistors
902 or other components, close to continuous groove 412, an
adhesive 1000 may be applied to the mnner surface of the
electronic enclosure 700 and 1nner-sidewall tamper-respon-
dent sensor 810 subassembly, so as to contact, and even
cover, at least 1n part, the tamper-respondent circuit structure
900 with mounting of electronic enclosure 700 to circuit
board 410. Note that adhesive 1000 may be the same or a
different adhesive than structural adhesive 1001 used within
continuous groove 412 to secure electronic enclosure 700 to
multilayer circuit board 410. In one or more embodiments,
adhesive 1000 and adhesive 1001 may be different adhesives
with different material properties, which further facilitates
providing enhanced protection against a chemical attack at
the electronic enclosure 700 to multilayer circuit board 410
interface.

Note that the surface-mount components within tamper-
respondent circuit 900 may comprise the same or different
types of surface-mount components. Any component which
provides structure for adhesive 1000 to ailix to, and which
may be broken away from respective contact pads of tamper-
respondent circuit 900, may potentially be used, with zero-
ohm resistors or wire segments being one type ol compo-
nent, presented by way of example only.

Advantageously, 1n one or more aspects, tamper-respon-
dent circuit 900 may be electrically connected in-series
between a power source and the monitor circuitry of the
tamper-respondent assembly. In such a configuration, no
additional power 1s required for monitoring tamper-respon-
dent circuit 900 since the monitor circuitry already monitor
tfor loss of power from the power source. Thus, any intrusion
attempt which results in breaking or open-circuiting tamper-
respondent circuit 900 1s automatically detected as an intru-
sion event by the monitor circuitry through the loss of
power. Thus, tamper 1ntrusion detection 1s achieved without
adding an additional sensing device, power comparator, etc.,
to the monitor circuitry, thereby further saving power. In one
or more i1mplementations, tamper-respondent circuit 900
may be disposed adjacent to continuous groove 412 in
multilayer circuit board 410, as depicted in FIG. 9.

FIGS. 11 & 12 depict a further enhanced tamper-respon-
dent assembly, 1n accordance with one or more aspects of the
present mvention. This tamper-respondent assembly again
includes, for instance, multilayer circuit board 410 with a
continuous groove or trench 412 configured and sized to
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receive an edge of electronic enclosure 700 with mounting
of the enclosure to multilayer circuit board 410. Secure
volume 401 1s defined, 1n part, inside the region encircled by
circumierential groove 412, via a tamper-respondent elec-
tronic circuit structure, which may include, for instance,
mner sidewall tamper-respondent sensor 810 (FIG. 10),
inner main surface tamper-respondent sensor 820 (FIG. 10),
and one or more embedded tamper-respondent sensors
within multilayer circuit structure 410, such as described
above. As 1llustrated, one or more electronic components
402 reside within secure volume 401, and may be mounted,
by way of example, to a daughterboard 1110, or alternatively
to circuit board 410. By way of example only, the one or
more electronic components 402 may comprise monitor
circuitry of the tamper-respondent electronic circuit struc-
ture, as well as, for instance, one or more encryption
modules and/or decryption modules, and associated compo-
nents. In one or more implementations, a heat spreader 11035
may be provided within the secure volume to {facilitate
conductive heat transfer from one or more electronic com-
ponents 402 outwards to electronic enclosure 700. Heat
spreader 1105 may be formed of any thermally conductive
material, such as a metal.

Advantageously, in the depicted embodiment, an encap-
sulant 1100 1s provided at the periphery of electronic enclo-
sure 700 where coupled to multilayer circuit board 410. For
instance, 1 one or more implementations, electronic enclo-
sure 700 may include a circumierential extension or rim,
denoted 1101, spaced above multilayer circuit board 410
when electronic enclosure 700 1s mounted to multilayer
circuit board 410, as illustrated i FIG. 12. An encapsulant
1100 1s provided within a gap between circumierential
extension 1101 and multilayer circuit board 410 to provide
enhanced sealing at the enclosure-to-board interface. By
way ol example, encapsulant 1100 could comprise an elec-
trically conductive encapsulant formed of different materials
than the structural adhesive 1001 (FIG. 10) bonding elec-
tronic enclosure 700 to multilayer circuit board 410 and/or
the adhesive 1000 employed about the inner perimeter of the
clectronic enclosure 1n a tamper-respondent assembly
embodiment such as depicted 1n FIGS. 9 & 10. The elec-
trically conductive encapsulant may be, 1n or more 1mple-
mentations, an EMI shielding product, such as available

from Kemtron Limited of Braintree, Essex U.K. For
instance, a Kemtron silicone-based RTV (SSA-RTV or

SNG-RTV) conductive adhesive could be employed. Alter-
natively, an electrically conductive encapsulant such as
Ablestik™ adhesive oflered by Henkel Adhesives Interna-
tional of Rocky Hill, Conn. (USA), could be used. By way
of specific example, Ablestik 963-IL. might be employed
within the gap between circumierential extension 1101 and
multilayer circuit board 410. Advantageously, by providing
encapsulant 1100 at the periphery, for example, at the outer
periphery of the enclosure-to-board interface, an attempted
intrusion 1n an inward direction at the interface, would
necessarily have to progress through two or more different
types of adhesives and/or encapsulants in-series. This
advantageously further enhances security of the tamper-
respondent assembly.

Those skilled 1n the art will note from the above descrip-
tion that the encapsulant 1100 provided as described above
in connection with FIGS. 11 & 12, may be used 1n combi-
nation with the tamper-respondent assembly described
above 1n connection with FIGS. 9 & 10, or separately. When
used 1n combination, greater tamper-respondent security 1s
provided at the enclosure-to-board interface. Note, in this
regard, that the one or more electronic components 402
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depicted mn FIG. 12 could mount directly to the upper
surface of multilayer circuit board 410. Alternatively, the
monitor circuitry of the tamper-respondent assembly may be
disposed between daughterboard 1110 and multilayer circuit
board 410, which would facilitate, for instance, electrical
connection between the above-described tamper-respondent
circuit 900 of FIGS. 9 & 10 and the monitor circuitry.

FIGS. 13-15B depict a further embodiment of an electri-
cal interface between electronic enclosure 700 and multi-
layer circuit board 410, which may be used, for mstance, 1n
combination with the tamper-respondent assembly
described above in connection with FIGS. 9 & 10.

Referring collectively to FIGS. 13-15B, m this alternate
configuration, the encapsulant 1100 of FIGS. 11 & 12 1s
replaced by a plurality of electrical contacts 1300, such as a
plurality of electromagnetic compatibility (EMC) springs. In
this configuration, the outer surface of electronic enclosure
700 1s assumed to be electrically conductive, and the plu-
rality of EMC springs are assumed to be electrically
grounded to, for instance, one or more ground planes of
multilayer circuit board 410, to provide electromagnetic
interference shielding at the enclosure-to-board interface.
Note that although providing shielding, this implementation
does not provide the added benefit of the series coupled
different types of adhesives of FIGS. 11 & 12. Either
embodiment, however, could be employed in combination
with the tamper-respondent assembly of FIGS. 9 & 10, if
desired.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be turther understood that the terms “comprise” (and any
form of comprise, such as “comprises” and “comprising”),
“have” (and any form of have, such as “has™ and “having”),
“include” (and any form of include, such as “includes™ and
“including™), and “contain” (and any form contain, such as
“contains” and “containing’”) are open-ended linking verbs.
As a result, a method or device that “comprises”, “has”,
“includes™ or “contains” one or more steps or elements
possesses those one or more steps or elements, but 1s not
limited to possessing only those one or more steps or
clements. Likewise, a step of a method or an element of a
device that “comprises”, “has”, “includes” or “contains™ one
or more features possesses those one or more features, but
1s not limited to possessing only those one or more features.
Furthermore, a device or structure that 1s configured in a
certain way 1s configured 1n at least that way, but may also
be configured 1n ways that are not listed.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements 1n the
claims below, 1f any, are intended to include any structure,
maternial, or act for performing the function in combination
with other claimed elements as specifically claimed. The
description of the present invention has been presented for
purposes of illustration and description, but 1s not intended
to be exhaustive or limited to the invention in the form
disclosed. Many modifications and variations will be appar-
ent to those of ordinary skill i the art without departing
from the scope and spirit of the invention. The embodiment
was chosen and described 1 order to best explain the
principles of one or more aspects of the mvention and the
practical application, and to enable others of ordinary skaill
in the art to understand one or more aspects of the mnvention
for various embodiments with various modifications as are
suited to the particular use contemplated.

10

15

20

25

30

35

40

45

50

55

60

65

20

What 1s claimed 1s:

1. A tamper-respondent assembly comprising:

a circuit board:;

an electronic enclosure mounted to the circuit board and
facilitating enclosing at least one electronic component
within a secure volume;

a tamper-respondent electronic circuit structure facilitat-
ing defining the secure volume, the tamper-respondent
clectronic circuit structure comprising a tamper-re-
spondent circuit;

an adhesive securing, in part, the electronic enclosure to
the circuit board, the adhesive contacting, at least in
part, the tamper-respondent circuit of the tamper-re-
spondent electronic circuit structure, wherein separa-
tion of the electronic enclosure from the circuit board
causes the adhesive to break the tamper-respondent
circuit, thereby facilitating detection of the separation;
and

wherein the circuit board comprises a multilayer circuit
board, and wherein the tamper-respondent electronic
circuit structure further includes an embedded tamper-
respondent sensor within the multilayer circuit board,
the embedded tamper-respondent sensor facilitating
defining, at least 1n part, the secure volume.

2. The tamper-respondent assembly of claim 1, wherein
the adhesive covers, at least in part, the tamper-respondent
circuit.

3. The tamper-respondent assembly of claim 2, wherein
the adhesive 1s disposed at an nner periphery of an enclo-
sure-to-board 1nterface where the electronic enclosure
mounts to the circuit board.

4. The tamper-respondent assembly of claim 1, wherein
the tamper-respondent electric circuit structure further com-
prises an nner-sidewall tamper-respondent sensor disposed
over an 1ner sidewall of the electronic enclosure, and
tacilitating defining the secure volume, the adhesive further
contacting, at least 1n part, the inner-sidewall tamper-respon-
dent sensor.

5. The tamper-respondent assembly of claim 1, wherein
the tamper-respondent assembly further comprises an elec-
trically conductive encapsulant, the electrically conductive
encapsulant being disposed at a periphery of the enclosure-
to-board intertace, where the electronic enclosure mounts to
the circuit board, to facilitate electrical connection between
the electronic enclosure and a ground plane of the circuit
board.

6. The tamper-respondent assembly of claim 1, wherein
the tamper-respondent assembly further comprises a plural-
ity of electrical contacts between the circuit board and
clectronic enclosure, and spaced about a periphery of the
enclosure-to-board interface, where the electronic enclosure
mounts to the circuit board, the plurality of electrical con-
tacts facilitating electrical connection of the electronic
enclosure to the circuit board to suppress, at least 1n part,
clectromagnetic interference (EMI) at the enclosure-to-
board interface.

7. The tamper-respondent assembly of claam 6, wherein
the plurality of electrical contacts comprise a plurality of
clectromagnetic compatibility (EMC) springs disposed
between the electronic enclosure and the circuit board along
the periphery of the enclosure-to-board interface.

8. The tamper-respondent assembly of claim 1, wherein
the tamper-respondent electronic circuit structure further
comprises a monitor circuit powered by a power source, the
monitor circuit identifying an intrusion event upon loss of
power from the power source, and wherein the tamper-
respondent circuit electrically connects, at least 1n part, the
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power source to the monitor circuit so that breaking of the
tamper-respondent circuit results 1 loss of power to the
monitor circuit, and thereby detection of the mtrusion event.

9. A tamper-respondent assembly comprising:

a circuit board;

at least one electronic component associated with the
circuit board;

an electronic enclosure mounted to the circuit board and
facilitating enclosing the at least one electronic com-
ponent within a secure volume;

a tamper-respondent electronic circuit structure facilitat-
ing defining the secure volume, the tamper-respondent
clectronic circuit structure comprising a tamper-re-
spondent circuit;

an adhesive disposed between the electronic enclosure
and the circuit board at an inner periphery of the
electronic enclosure, the adhesive contacting, at least 1n
part, the tamper-respondent circuit of the tamper-re-
spondent electronic circuit structure, wherein separa-
tion of the electronic enclosure from the circuit board
causes the adhesive to break the tamper-respondent
circuit, thereby facilitating detection of the separation;
and

wherein the circuit board comprises a multilayer circuit
board, and wherein the tamper-respondent electronic
circuit structure further includes an embedded tamper-
respondent sensor within the multilayer circuit board,
the embedded tamper-respondent sensor facilitating
defining, at least 1n part, the secure volume.

10. The tamper-respondent assembly of claim 9, wherein
the circuit board includes a groove sized to receive an edge
of the electronic enclosure where the electronic enclosure
mounts to the circuit board, and wherein the tamper-respon-
dent circuit 1s disposed on an upper surface of the circuit
board within the secure volume at an inner periphery of the
enclosure-to-board interface, where the electronic enclosure
mounts to the circuit board.

11. The tamper-respondent assembly of claim 9, wherein
the tamper-respondent assembly further comprises an elec-
trically conductive encapsulant, the electrically conductive
encapsulant being disposed at a periphery of the enclosure-
to-board interface, where the electronic enclosure mounts to
the circuit board, to facilitate electrical connection between
the electronic enclosure and a ground plane of the circuit
board.

12. The tamper-respondent assembly of claim 9, wherein
the tamper-respondent assembly further comprises a plural-
ity of electrical contacts between the circuit board and the
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clectronic enclosure, and spaced about a periphery of the
enclosure-to-board interface, where the electronic enclosure
mounts to the circuit board, the plurality of electrical con-
tacts facilitating electrical connection of the electronic
enclosure to the circuit board to suppress, at least 1n part,
clectromagnetic interference (EMI) at the enclosure-to-
board interface.

13. The tamper-respondent assembly of claim 12, wherein
the plurality of electrical contacts comprise a plurality of
clectromagnetic compatibility (EMC) springs disposed
between the electronic enclosure and the circuit board along
the periphery of the enclosure-to-board interface.

14. The tamper-respondent assembly of claim 9, wherein
the tamper-respondent electronic circuit structure further
comprises a monitor circuit powered by a power source, the
monitor circuit identifying an intrusion event upon loss of
power Irom the power source, and wherein the tamper-
respondent circuit electrically connects, at least 1n part, the
power source to the monitor circuit so that breaking of the
tamper-respondent circuit, and thereby detection of the
intrusion event.

15. A fabrication method comprising:

fabricating a tamper-respondent assembly, the fabricating,

comprising;:

providing a circuit board;

providing an electronic enclosure to mount to the
circuit board and enclose at least one electronic
component within a secure volume;

providing a tamper-respondent electronic circuit struc-
ture facilitating defining the secure volume, the
tamper-respondent electronic circuit structure com-
prising a tamper-respondent circuit;

providing an adhesive securing, in part, the electronic
enclosure to the circuit board, the adhesive contact-
ing, at least in part, the tamper-respondent circuit of
the tamper-respondent electronic circuit structure,
wherein separation of the electronic enclosure from
the circuit board causes the adhesive to break the
tamper-respondent circuit, thereby facilitating detec-
tion of the separation; and

wherein the circuit board comprises a multilayer circuit
board, and wherein the tamper-respondent electronic
circuit structure further includes an embedded tam-
per-respondent sensor within the multilayer circuit
board, the embedded tamper-respondent sensor
tacilitating defining, at least 1n part, the secure vol-
ume.
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